ABSTRACT
For boreholes drilled entirely within unconsolidated rocks, drilling operations can be affected 1 by significant squeezing associated with plastic deformations in the formation. Given the 2 complexity of soil behavior, reliable predictions of borehole deformations and stability can only 3 be achieved by relatively sophisticated constitutive models that are able to represent realistically 4 the anisotropic stress-strain-strength properties of these clay and shale formations. 5
This paper presents numerical analyses for prototype vertical and deviated wellbores in these 6 ductile formations. Mechanical properties of the clay are represented by generalized effective 7 stress soil models calibrated to elemental tests on Resedimented Boston Blue Clay (RBBC), an 8 analog shale material. Akl and Whittle (2016) have also validated predictions of the models 9 using results of Thick Walled Cylinder (TWC) tests performed on the same material by 10
Abdulhadi et al. (2011). 11
The analyses use quasi-3D models of directional wellbores to simulate effective stresses and 12 pore pressures coupled deformations and flow around the wellbores. We initially focus on the 13 prediction of instabilities due to short-term, undrained shearing of the clay as a function of the 14 wellbore orientation, and then consider how fluid migration and coupled consolidation can 15 contribute to further instability. 16 D r a f t and can be ignored. These two assumptions lead to the popular plane strain wellbore model as 1 discussed by Santarelli et al. (1986) , Detournay and Cheng (1988); and Charlez and Hugas 2 (1991) . 3
The current analyses make the key assumption that the formation comprises 1-D consolidated 4 sediments, such that far field stresses, in the global frame of reference, are fully defined by the 5 effective vertical overburden stress, σ‫׳‬ v0 , and the lateral earth pressure ratio, K 0 , associated with 6 the consolidation stress history. Stress conditions in the horizontal (x-y) plane are isotropic (i.e, 7 σ‫׳‬ xx = σ‫׳‬ yy = K 0 σ‫׳‬ v0 ). Mechanical (deformation and strength) properties of the formation are also 8 expected to be isotropic for shearing in the horizontal plane (i.e. the material has circular 9 symmetry and cross-anisotropic properties). These conditions are strictly only applicable for 10 horizontally-layered sediments with a level ground surface. 11
The wellbore orientation is defined by the deviation and azimuthal angles. For wellbores 12 installed in K 0 -consolidated formations, behavior is fully defined by the deviation angle, ω, 13 Figure 2a shows the 'slice 16 model' used to approximate the far field stresses and plane strain boundary conditions in a half 17 space cross-section orthogonal to the wellbore axis (z), where the y-axis is an axis of symmetry 18 (approximating complementary shear stresses in the axis of the wellbore). The slice model has a 19 limited thickness in the z-direction (single layer of 3D elements) to accommodate out-of-plane 20 shear components from the geostatic stress tensor. 21
The quasi-3D problem geometry reverts to a 2D (plane strain) problem only for special cases 22 corresponding to vertical (ω = 0 0 ) and horizontal (ω=90 0 ) wellbores. For these 2D situations the 23 D r a f t 6 wellbore stability can be analyzed using a plane strain analysis of the quarter plane model as 1 shown in Figure 2b . For a vertical wellbore (ω = 0 0 ), the far field stresses are isotropic (σ‫׳‬ yy = 2 σ‫׳‬ xx = σ‫׳‬ h0 = K 0 σ‫׳‬ v0 ) while the horizontal case (ω = 90 0 ) introduces far field deviatoric stress 3 conditions (σ‫׳‬ yy = σ‫׳‬ v0 and σ‫׳‬ xx = K 0 σ‫׳‬ v0 = σ‫׳‬ h0 ). Far field stresses in the local and global frames of 4 reference are calculated through standard transformation of tensors (Appendix A). 5
The current analyses were performed using the commercial finite element program 6 ABAQUS TM (Version 6.7; Hibbett et al. 1998) . The mesh consists of mixed elements 7 (displacement and pore pressure degrees of freedom). Figure 3 shows the finite element mesh for 8 the quasi-3D 'slice' problem. The mesh uses a single layer of 1658 brick elements with quadratic 9 interpolation of displacements and linear interpolation of pore pressures. The plane strain 10 analyses for ω=0 0 , 90 0 use a similar mesh of quadrilateral elements and similar interpolation. 11
Prior research on related analyses of cavity contraction problems in elasto-plastic soils (e.g., 12 Ewy, 1993; Yu and Rowe, 1999) show that the predictions are strongly related to the constitutive 13 behavior and stress-strain properties of the formation soils. The mechanical response of low 14 permeability clays is highly complex and involves non-linear and inelastic behavior even at 15 small levels of shear strain (as small as 10 -3 %), while anisotropic stress-strain-strength properties 16 are previously observed due to 1-D consolidation stress history. The current research compares 17 predictions of stress conditions around wellbores using two effective stress soil models: 1) 18 to σ′ v0 at a given overconsolidation ratio, OCR (=σ′ p /σ′ v0 ). Casey and Germaine (2013) have 5 recently shown that normalized properties are only valid over a relatively narrow range of 6 vertical preconsolidation pressures, σ′ p . Hence, the current models must be calibrated to the 7 specific range of consolidation pressures relevant to wellbore stability. In this study, the soil 8 models are calibrated to results from a suite of laboratory experiments on the analog soil, 9
Resedimented Boston Blue Clay. (RBBC; Abdulhadi et al. 2012 ). This material is considered a 10 representative of non-reactive shale (I p = 22.7 ± 1.2%). RBBC is prepared in the laboratory from 11 powdered natural Boston Blue Clay, an illitic glacio-marine clay of low to medium sensitivity. 12 Figure 4 illustrates the calibration of the MCC and MIT-E3 models from undrained triaxial shear 13 tests performed with pre-consolidation pressure in the range, σ′ p = 1-10 MPa (corresponding to 14 depths ranging from 100-1000m). 15 Tables 1 and 2 performed with consolidation stresses, σ′ vc = 1.5-10 MPa. The MIT-E3 model tends to 10 underestimate the initial stiffness at the start of the tests (i.e. higher ∆V/V 0 at a given internal 11 pressure) but accurately describes the critical net pressure ratio and deformations at the wellbore. 12
In contrast, MCC predicts that the wellbore remains stable at pressures well below the measured 13 critical condition. These results highlight the predictive ability of MIT-E3 to describe 14 deformations and stability of wellbores, while the assumptions of isotropic yield case in MCC to 15 underestimate the volume strains (borehole closure) and overestimate wellbore stability. 16
17

UNDRAINED ANALYSIS OF WELLBORE STABILITY
18
The evaluation of wellbore stability is particularly problematic for a number of reasons: i) 19 direct observation is impossible when the drill bit is thousands of meters away; ii) in situ stresses 20 are not measured systematically; and iii) there can be large variations in the material properties. 21
The complexity of the wellbore problem and the abundance of intertwined factors affectingD r a f t wellbore stability make comprehensive modeling a significant challenge. In complex processes 1 such as these, for which parameters are ill-defined or excessively difficult to collect, parametric 2 analyses provide a useful framework for understanding the stability mechanisms. The current 3 analyses consider how changes in the mud weight affect wellbore deformations and stability. 4 This is achieved by simulating the decrease in mud pressure within the wellbore. 5
Initially we assume that typical drilling rates are sufficiently rapid that there is little time for 6 migration of pore fluid within the low permeability formation (Detournay and Cheng 1988), and 7 hence the formation is sheared under undrained conditions. Pressures within the wellbore are 8 reduced in two steps: 1) the deviatoric component of stresses at the cavity wall is relieved; and 9 then 2) radial pressures are reduced until the critical pressure where uncontrolled deformations 10 occur. The current analyses define failure using one of two criteria: 1) failure occurs due to 11 instability in the stress field producing large localized deformations (cf. Effect of wellbore 12 inclination) at points around the wellbore; or 2) there are large uniform cavity deformations 13 corresponding to ߜ cr /R 0 = 0.1 (10%), where 'cr' is a reference to the 'crown point' on the 14 perimeter of the wellbore (i.e., the point at the highest elevation). The latter case corresponds to 15 excessive squeezing of the formation that could restrict installation of the casing. Figures 7a and 7b illustrate the deformed shapes of the wellbore cavities computed at failure 13 (using the undeformed cavity as a datum) for the same 5 wellbore inclinations using the MCC 14 and MIT-E3 models, respectively. The MCC model predicts regular oval-shaped cavity for 15 inclined wellbores elongated along the local y-axis as shown in Figure 7a The inward deformation for 90 0 wellbore (horizontal wellbore) at the crown point reaches 2.8% 2 but the maximum deformations occurs locally at θ=15 0 , where δ r =3.1%. These results all 3 indicate the onset of local failure mechanisms in the formation. 4
Further insights in the failure mechanisms for the MIT-E3 analyses can be obtained by 5 considering the equivalent shear strains, |E| predicted within the formation. Figure 8 shows the 6 distribution of the shear strains around vertical and deviated wells at a 'reference state' with (σ rr -7 u 0 )/σ´v 0 =0.2 (cf. Fig. 6 ). At this reference mud pressure ratio, the equivalent shear strains 8 increase at the cavity wall with the deviation angle of the wellbore; and the zone of influence (|E| 9 ≥ 0.1%) extends further into the formation at lobe angles ranging from θ=45 0 -53 0 (ω=30 0 and 10 60 0 , respectively). At failure, large shear strains (|E| ≥ 10%) occur close to the wellbore but their 11 distribution is strongly affected by the deviation angle. Failure occurs when shear strains increase 12 at the crown point and springline (Fig. 8d) 
Effect of Stress History 1
The effects of stress history can be interpreted by considering the overconsolidation ratio, 2 OCR = σ′ p /σ′ v0 of the clay. Undrained strength ratio and normalized secant stiffness modulus 3 increase with overconsolidation ratio of RBBC as shown in many element shear tests in the lab 4 (e.g., Ladd and Varallyay 1965). Table 3 shows the MIT-E3 predictions of RBBC undrained 5 shear strength and stiffness at different OCR values. Figure 9 shows horizontal wellbore inward 6 deformations as a function of net total radial stress ratio, (σ rr -u 0 )/σ´v 0 for OCR =1.0-4.0. MIT-E3 7 model predicts early failure in horizontal wells in normally consolidated RBBC (σ rr -u 0 )/σ´v 0 = 8 0.18 shown previously in Fig. 6b . At OCR=1.5, the wellbore is stable at mud pressures below the 9 underbalanced drilling limit. At higher OCR values, the required mud pressure ratio to prevent 10 failure (net critical mud pressure ratio) decreases to -0.25σ′ v0 , -0.49σ′ v0 and -1.26σ′ vc for 11 OCR=1.5, 2.0 and 4.0 respectively. Failure also occurs due to local increases in deformations 12 and high shear strains (as described above for the NC clay). 13 where t is the time after undrained unloading occurred, σ′ p is the vertical pre-consolidation 7 pressure, k is the hydraulic conductivity, R the cavity radius, and γ w the unit weight of water. 8
14
CONSOLIDATION ANALYSIS OF WELLBORE STABILITY
In practice drainage boundary conditions at the wellbore are not well controlled. The current 9 analyses consider two limiting cases: 1) The wellbore is permeable (i.e., the filter cake is 10 ineffective) and the formation pore pressures equilibrate to wellbore mud pressures; and 2) The 11 wellbore is impermeable (i.e., a perfect filter cake sealing the cavity wall), and there is no fluid 12 flux into the cavity. For the vertical wellbore (Fig. 11a) , the analyses show small inward deformations for both 4 impermeable and permeable wellbore boundary conditions. For horizontal and other deviated 5 wellbores (ω ≠ 0 ) there are significant gradients in excess pore pressure around the cavity (cf. 6 Smaller deformations can occur prior to casing installation due to coupled consolidation within 3 the formation. These can contribute to instability and distortion of the wellbore depending on 4 prior levels of mud pressure and deviation angle. 5
The main conclusions from the simulation are as follows 6
1. The complex behavior of unlithified formations affects its response to drilling wellbores 7
and requires a realistic model to assess stability mechanisms of such wellbores. The 8 current study shows predictive capabilities of the MIT-E3 with TWC tests. Predictions 9 for deviated wellbores using MIT-E3 show that mud pressures must be maintained well 10 above the underbalanced drilling limit (up to (σ ୰୰ − u )/σ ୴ ᇱ = 0.2) to prevent localized 11 failures during drilling for horizontal and highly deviated wellbores. 12 2. Consolidation within the formation generally produces smaller deformations of the 13 wellbore cavity compared to undrained drilling (from 0% for the impermeable vertical 14 wellbore to 70% for the permeable horizontal wellbore). Incremental cavity deformations 15 depend on drainage conditions at the cavity wall and wellbore deviation. where: Table Captions  1   Table 1 Input parameters for the MCC model (Akl, 2010) . 2 Table 2 Input parameters for the MIT-E3 model (Akl, 2010) . 3 Table 3 
